the US, with nearly 1 in 10 children with SCA suffering a stroke before age 20. 11, 17 Currently, medical therapy for stroke reduction in patients with SCA is predominantly predicated on chronic transfusions, with patient selection derived from screening using TCD ultrasonography. Patients with elevated TCD velocities (> 200 cm/second) or a history of previous stroke are started on a regimen of transfusions. 2, 3, 17 Those patients who respond to therapy enjoy a 10-fold reduction in stroke risk. However, these transfusions must be continued indefinitely to maintain this protection. 1, 3, 17 This protection comes with a cost, as there are risks associated with chronic transfusion, including infection, immune responses, and iron overload.
Importantly, not all patients respond to this therapy. As many as 43% of patients with SCA and strokes will have "moyamoya-like" collaterals on imaging studies, and patients with these findings have a 5-fold increased risk for recurrent stroke compared with patients with SCA without these collaterals. 4, 11, 17 These data suggest that there may be thousands of patients with SCA in whom medical treatment will fail and who will suffer repeated strokes despite optimal medical therapy.
Despite these statistics, there has been little impetus to consider surgical therapy in these patients. Consequently, the response of this group to surgical treatment is not well known. A small number of case series, including data from our institution, suggests that cerebral revascularization may be safe and confer long-lasting protection from stroke in this population. 8, 10, 17, 19 Although neurosurgeons are often familiar with the benefits of surgical management of moyamoya, hematologists-often the primary physicians of these complex patients with SCAare frequently reluctant to consider operative intervention in their patients. This study was undertaken to add to the growing body of literature describing the experience of surgically treating patients with SCA and moyamoya syndrome. Our patient series is equal in size to the largest series published to date and provides longer follow-up and improved radiographic documentation of the effects of surgery. We also document our experience successfully weaning a patient with SCA and moyamoya syndrome off of transfusion therapy following surgery.
Methods
We reviewed a consecutive surgical series of patients with moyamoya syndrome who underwent pial synangiosis from 1985 to 2008 to identify all patients who presented with moyamoya syndrome and SCA. In accordance with a protocol approved by an Institutional Review Board, the medical charts of these patients were retrospectively reviewed to determine patient age and sex at presentation, comorbid conditions, symptoms, results of radiographic studies (including CT, MR imaging/angiography, and cerebral arteriography), perioperative and late complications, length of follow-up, and long-term clinical and radiographic outcomes.
Results

Patient Demographics
Of all the patients with moyamoya syndrome during the period of study, 12 presented with SCA. There were 6 female and 6 male patients. The average age at presentation was 11.3 years, with a range of 3 to 22 years. Eleven of the patients were African American, and one was Hispanic.
Clinical Presentation
All 12 patients (100%) presented with symptoms consistent with chronic cerebral ischemia, with a history of TIAs in 11 patients (92%), and evidence of completed strokes in 10 (83%). At the time of surgery, 7 patients (58%) had persistent neurological deficits. Additionally, a history of seizures was present in 3 patients (25%). No patients presented with hemorrhage (Table 1) .
Transfusion Regimen
All 12 patients (100%) were undergoing transfusions at the time of surgery. Of these, 7 (58%) experienced a new stroke while on a transfusion regimen, indicating a failure of medical therapy (Table 1) .
Radiographic Presentation and Features
In the 12 patients there was a total of 19 affected 25 at presentation on the affected side was 3.6, with a range of 3-5.
The angiographic characteristics of moyamoya syndrome in this patient population with SCA were indistinguishable from our series of over 300 moyamoya patients without SCA. Of the 12 patients, 11 (92%) demonstrated the presence of previous infarction in 15 hemispheres on preoperative MR imaging (79%). Only 1 patient had no radiographic evidence of previous stroke. Bilateral disease was present in 7 patients (58%), and 5 patients (42%) had only 1 side affected at the time of surgery. In the unilateral group, 3 affected hemispheres were on the left and the other 2 were on the right (Table 1) .
Operative Treatment
All patients in this series underwent a standardized indirect cerebral revascularization procedure-pial synangiosis-to treat the affected hemisphere. 23 Two of the patients with bilateral disease in this study were treated with staged operations with a 1-month interval between procedures. However, our current practice is to perform the operation on both sides in bilateral cases during a single anesthesia procedure (assuming intraoperative stability), and the subsequent 5 cases were so treated. The anesthesia and perioperative management of all patients with moyamoya is standardized at our institution. 24 The additional presence of SCA in these complex patients has added several steps to our protocol, as outlined in Table 2 .
Surgical Results
A total of 19 hemispheres were treated during 14 operations. There were 5 unilateral and 7 bilateral cases. The first 2 bilateral cases were staged, with the second side addressed 1 month later, while the subsequent 5 bilateral cases were completed during a single anesthesia procedure. Mean blood loss was 92.5 ml/hemisphere (range 25-200 ml). Mean length of stay was 5.7 days (range 4-7 days), including a scheduled admission to the hospital on the night prior to surgery for preoperative hydration (Table 3) .
Perioperative Complications
Perioperative complications occurred in 3 different patients, including 1 stroke, 1 wound infection, and 1 case of pneumonia/acute chest syndrome. The stroke occurred within the first 24 hours postoperatively and consisted of an expressive aphasia and mild right-sided weakness. Magnetic resonance imaging confirmed a small infarct in the left frontal lobe, and the patient experienced a substantial recovery within 72 hours. He was discharged home and had fully recovered by his 1-month postoperative visit.
The infection occurred in the setting of a child scratching open her incision after discharge. Abundant Coordinate consultation between patient and hospital hematology teams (earlier if possible). Perform exchange transfusion for a hematocrit level > 30% and hemoglobin sickle cell fraction < 30%. 1 day before surgery:
Continue aspirin therapy (usually 81 mg once a day orally if < 70 kg, 325 mg once a day orally if 70 kg or more). Admit patient to hospital for overnight intravenous hydration (isotonic fluids 1.25-1.5 × maintenance). At induction of anesthesia:
Institute electroencephalographic monitoring. Ma intain normotension during induction; also normothermia (especially with smaller children), normocarbia (avoid hyperventilation to minimize cerebral vasoconstriction, pCO 2 > 35 mm Hg), and normal pH. Placement of additional intravenous lines, arterial line, Foley catheter, and pulse oximeter. Pla ce precordial Doppler to monitor for venous air emboli (relevant with thicker bone resulting from extramedullary hematopoiesis). During surgery:
Maintain normotension, normocarbia, normal pH, adequate oxygenation, normothermia, and adequate hydration. Ele ctroencephalographic slowing may respond to incremental blood pressure increases or other maneuvers to improve cerebral blood flow. Postoperatively:
Avoid hyperventilation (relevant with crying in children); pain control is important.
Note that patients with SCA may have a greater tolerance to opioids and require higher doses for pain control. Maintain aspirin therapy on postoperative Day 1. Ma intain intravenous hydration at 1.25-1.5 × maintenance until child is fully recovered and drinking well (usually 48-72 hours). Incentive spirometry is important (along with hydration) to minimize risk of acute chest syndrome/pneumonia.
pus was identified at exploration and the bone flap was ultimately removed. She remains asymptomatic neurologically and the synangiosis was able to be preserved.
Following an uneventful surgery, 1 child developed pneumonia and symptoms suggestive of acute chest syndrome. He had no neurological sequelae, but required a 1-week stay in a rehabilitation facility for pain management and respiratory therapy. There were no perioperative seizures, TIAs, or deaths in this series (Table 3) .
Clinical Outcome After Hospital Discharge
The average follow-up duration after surgery was 49 months (range 9-144 months; Table 4 ). Patients were evaluated for clinical deterioration, comparing the findings at their preoperative examinations to those at follow-up using a modified Rankin outcome scale (0 = no symptoms; 1 = minor symptoms not affecting lifestyle; 2 = minor handicap but independent in ADL; 3 = requiring some help with ADL; 4 = requiring substantial help with ADL; 5 = totally dependent). Using this scale, 5 (42%) of 12 patients had improved neurological function and 7 (58%) of 12 were stable.
One interesting patient had presented with recurrent TIAs and stroke during transfusions. Following surgery, there was interest in weaning him from these transfusions in an attempt to abrogate this unusual effect. The patient was started on oral hydroxyurea and was able to be successfully weaned off of all transfusions within 9 months. He has now spent more than 1 year without transfusions and remains stroke-free.
Radiographic Outcome After Hospital Discharge
All patients had postoperative MR imaging and/or angiography studies for review. The average radiographic follow-up was 32 months (range 6-113 months) with an average of 2.8 studies per patient (range 1-5 studies). Magnetic resonance imaging was available in 11 patients (92%) and angiograms were performed in 5 patients (42%).
There were no new strokes in any studies following hospital discharge (as discussed in the complications, 1 patient had a perioperative stroke), despite radiographic evidence of moyamoya progression in 13 (68%) of 19 hemispheres (Fig. 1) . New surgical collateral vessels were identified in 17 (89%) of 19 hemispheres (Figs. 2 and 3) . In all patients in whom postoperative arteriographic imaging could be evaluated using the Matshushima scale, 14 Grade A collaterals were observed in 57% and Grade B collaterals in 43% of studies (Fig. 2) .
None of the 5 patients with unilateral disease have developed disease on the contralateral side, although it is worth noting that 2 of these patients are only within 2 years of surgery. Analysis of the number of confirmed strokes during the period of time that patients were observed clinically reveals a complete absence of new infarcts following hospital discharge after surgical treatment (Fig. 4) . Before surgery, there was a total of 16 strokes during a combined 26.3 patient-years. Following discharge, there were no new strokes over a combined 38.3 patient-years.
Discussion
Management of the cerebrovascular sequelae of SCA remains challenging. Although the recent advent of widespread TCD screening and therapeutic transfusions has markedly reduced the risk of stroke in many patients with SCA, a substantial fraction of those treated-as many as 20%-will experience failure of medical therapy. 16, 17 Of those who experience this treatment failure, nearly half will have radiographic findings suggestive of moyamoya syndrome. 4, 17 In our group, 7 patients (58%) experienced a stroke while receiving optimal transfusion management. This finding mirrors data in the hematology literature that suggests that patients with SCA who have moyamoya-like vessels on MR imaging do not experience the protective effect other patients experience with transfusion. 4, 11, 13, 17 While acknowledging that transfusions are clearly beneficial for most patients with SCA, this identification of anatomical findings predictive of a treatment-refractory population compels physicians to search for alternative therapies. There is ample evidence that surgical therapyspecifically pial synangiosis-has low treatment morbidity (~ 4% periprocedural risk of stroke) and confers near complete long-term abrogation of strokes. 17, 19, 22, 23 If patients with SCA have a moyamoya syndrome comparable to that of the "general" (non-SCA) moyamoya population, it follows that the benefits of pial synangiosis should be applicable as well.
Careful evaluation of the patients with SCA in our study revealed no major differences radiographically to non-SCA moyamoya cases. 19 Ideally all patients with moyamoya are evaluated using angiography, given its ability to stage disease and identify collateral vessels so that they can be preserved at surgery. However, in contrast to other patients with moyamoya, patients with SCA have an increased risk of renal injury from dye loads and have the added risk of sickle crises (in addition to stroke) with general anesthesia, which is often required in children to tolerate catheter angiography. As a result of these factors, not all patients in this series were evaluated using angiography.
Clinically, the patients with SCA-moyamoya were also comparable, with the only appreciable difference being an older age at the time of surgery (11.3 years vs 7.1 years). 19 Although biological factors may play a role, the fact that strokes are a known complication of SCA, and with an available treatment (transfusions) familiar to hematologists, it appears reasonable to assume that delayed referral to neurosurgery may be a major contributing factor to this discrepancy.
One other comparison in patients with non-SCA moya moya exists in the analysis of individuals with unilateral moyamoya. None of the 5 patients in this series with unilateral disease developed progression on the contralateral side. Previous data have suggested that 30% of patients with unilateral findings will develop contralateral disease within an average of 2.2 years. 22 As such, one might expect to see 1 or 2 of these 5 patients with some progression on the opposite site. However, it is worth noting that 2 of these unilateral patients are still within the 2.2-year period of follow-up. The limited number of unilateral patients in this series, together with the limited fol- low-up duration in 2 of these patients, makes it impossible to draw any definitive conclusions regarding this slight difference between the SCA-moyamoya population and the general moyamoya population.
There are increasing data to suggest that patients with SCA and moyamoya have favorable responses to surgery. 8, 10, 17, 19, 26 These authors make note of the ease and success of "indirect" methods of cerebral revascularization, traits that are particularly important in this highrisk population. The patients in our series were treated exclusively using pial synangiosis. Our rationale for the use of this approach is derived from the ease of surgical technique, its applicability to all ages, and its documented safety and success in a wide range of moyamoya populations. 8, 10, 17, 19, 26 Successful surgical management of moyamoya is dependent on safe anesthesia and perioperative care. We have gone to great lengths to provide coordinated multidisciplinary care of these patients. Involvement of experienced anesthesiologists and skilled hematologists is critical to the ability to achieve good outcomes. Detailed guidelines (from our institution and elsewhere) regarding the anesthetic issues surrounding both patients with SCA and individuals with moyamoya have been used in the construction of the protocol presented here (Table 2) . 6, 7, 24 As a component of caring for these complicated patients, consultation with hematology should be established prior to admission and maintained throughout the entirety of the patient's hospital course. 21 We have found that admitting patients the night before a planned pial synangiosis for intravenous hydration smoothes the induction of anesthesia.
For patients with moyamoya, adequate postoperative analgesia is a primary goal, especially in small children in whom crying and hyperventilation may lead to cerebral vasoconstriction and consequent hypoperfusion. 18 It should be noted that patients with SCA who have undergone frequent pain crises may be significantly tolerant to opioid analgesics and may require doses larger than usual to achieve analgesia. In addition, postoperative management should include a low threshold for administration of supplemental oxygen to prevent hypoxia, promote incentive spirometry, and encourage early mobilization.
Despite careful adherence to these guidelines, we found a total of 3 complications in this series of patients.
It is difficult to identify specific causes of these problems, other than the obvious mechanical disruption of the surgical site, which appears to be the cause in the 1 wound infection in this series. The stroke rate of 5.3% per hemisphere is comparable to the 4% rate observed in the much larger series of all moyamoya patients undergoing identical treatment previously reported from our institution. 19 Whereas the complication rates appear favorable in this series of patients with SCA-moyamoya and are comparable to patient series from other institutions, care must be taken in interpreting these results. 10 The total number of patients in this study is small relative to non-SCA moyamoya series, emphasizing the need for increased reporting of institutional experiences with surgical treatment of these complex cases.
While acknowledging the limited number of patients reported here, this series nonetheless matches the size of the largest series to date (well-reported by Hankinson et al. 10 ) while providing longer follow-up, improved postoperative radiographic documentation of surgical efficacy, and a description of an association between surgical therapy and successful cessation of transfusions. In this series, we demonstrate that surgical treatment of SCAmoyamoya with pial synangiosis is safe and provides long-lasting protection from ischemic symptoms.
With an average of just over 4 years of clinical follow-up, we found that all patients were clinically stable or improved following hospital discharge (as measured using a modified Rankin score), with no new strokes. These findings are complemented by extensive radiographic documentation substantiating the clinical data, with an average of approximately 1 imaging study (MR imaging and/or angiography) each year for nearly 3 years. Our protocol consists of an angiogram at 1-year postoperatively, followed by annual MR images. Angiograms were not possible in all patients due to travel issues or the aforementioned concerns regarding SCA, anesthesia, and dye load.
The stroke timeline (Fig. 4) allows the patients to be used as internal controls for comparison pre-and postsurgery. This complete abrogation of strokes-both clinically and confirmed radiographically-is particularly impressive when viewed in the context of continued progression of the moyamoya arteriopathy in 68% of affected hemispheres. Moreover, 7 of these patients (58%) represent confirmed failures of medical therapy, and experienced strokes while undergoing transfusions. All of these patients showed evidence of moyamoya collaterals on preoperative imaging, documented using MR imaging in 3 patients and angiography in 4 patients. The cessation of events after surgery in this subset of patients underscores the potential effectiveness of surgical therapy in treating medically refractory individuals with SCA-moyamoya and stroke.
Even those patients who respond to medical therapy endure risks associated with frequent transfusions and, because the need for transfusions is chronic, experience increasing risk over time. 17 As highlighted by 1 of the patients in this series, the possibility of weaning patients off of transfusion therapy-and all its attendant long-term risks-provides an additional benefit to surgical therapy beyond protection from cerebral ischemia.
In moyamoya syndrome, neurological status at the time of treatment predicts long-term outcome, suggesting that early diagnosis and treatment are important. 17, 19 Evidence supporting the presence of moyamoya in an at-risk population (patients with SCA and elevated TCD velocities), coupled with data supporting an effective treatment (surgical revascularization using pial synangiosis), could lead to better outcomes for these patients through earlier diagnosis and treatment. As such, we would advocate operating on patients with SCA and radiographic evidence of moyamoya and previous stroke, even in the absence of clinical symptoms. The findings presented in this patient series support the premise that patients with SCAmoyamoya are likely to experience failure of medical management, and could benefit from early detection from screening protocols when coupled with surgical revascularization, performed as soon as is feasible.
Conclusions
The clinical and radiographic features of moyamoya syndrome associated with SCA appear comparable to primary moyamoya disease. Although transfusion therapy is effective in preventing stroke for the majority of patients with SCA, a cohort of individuals with SCA-associated moyamoya appear to experience a high rate of unsuccessful standard medical management. However, treatment of SCA-associated moyamoya using pial synangiosis confers long-lasting protection against stroke. With long-term follow-up, all patients in this series remained clinically and radiographically stroke free after the initial perioperative period, despite evidence of radiographic progression of moyamoya in 68% of operated hemispheres. When coordinated with careful anesthetic and hematological management, revascularization surgery appears to be safe in these patients and appeared to be the major factor in preventing infarcts in the face of worsening stenosis of major cerebral arteries. This study suggests that screening patients with SCA for moyamoya may lead to improved neurological outcomes through earlier diagnosis of the disease and administration of pial synangiosis, an effective therapy.
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